p27Xic1, a Cdk Inhibitor, Promotes the Determination of Glial Cells in Xenopus Retina  by Ohnuma, Shin-ichi et al.
Cell, Vol. 99, 499±510, November 24, 1999, Copyright 1999 by Cell Press
p27Xic1, a Cdk Inhibitor, Promotes
the Determination of Glial Cells
in Xenopus Retina
have particular significance in determination, as the pat-
terns of expression of these genes are coordinated with
histogenesis. Mice lacking both p21Cip1 and p57Kip2 dis-
play severe defects in formation of myotubes similar
to that of mice lacking the myogenic factor, myogenin
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CB2 3DY Cambridge (Zhang et al., 1999). p27Kip1 and p57Kip2 are also involved
in lens, placenta, and lung differentiation (Zhang et al.,United Kingdom
²Department of Oncology 1998, 1999). In the nervous system, p27Kip1 is expressed
in the whole mouse retina at E15.5, as cells differentiateUniversity of Cambridge
Cambridge Institute for Medical Research (Zhang et al., 1998), and later in the oligodendrocyte
precursors of the optic nerve during their differentiation.Hills Road
Cambridge CB2 2XY Interestingly, mice lacking p27Kip1 have enlarged organs,
including extra cells in the retina. p27Kip1 null mice alsoUnited Kingdom
show disrupted lamination of the retina and an increased
number of oligodendrocytes (Fero et al., 1996; Kiyokawa
et al., 1996; Nakayama et al., 1996), while overexpres-Summary
sion of p27Kip1 in O2-A progenitors results in premature
cell cycle arrest (Casaccia-Bonnefil et al., 1997; Tikoop27Xic1, a member of the Cip/Kip family of Cdk inhibi-
et al., 1997, 1998; Durand et al., 1998; Raff et al., 1998).tors, besides its known function of inhibiting cell divi-
Retinal neuroblasts are multipotent and can give risesion, induces MuÈ ller glia from retinoblasts. This novel
to different combinations of cell types even late in retino-gliogenic function of p27Xic1 is mediated by part of the
genesis (Price et al., 1987; Turner and Cepko, 1987; HoltN-terminal domain near but distinct from the region
et al., 1988; Wetts and Fraser, 1988; Turner et al., 1990;that inhibits cyclin-dependent kinases. Cotransfec-
Jensen and Raff, 1997). This indeterminacy is coupledtions with dominant-negative and constitutively active
to a conserved histogenetic order. Retinal ganglion cellsDelta and Notch constructs indicate that the gliogenic
and horizontal cells are born first, followed by coneeffects of p27Xic1 work within the context of an active
photoreceptor cells, amacrine cells, rod photoreceptorNotch pathway. The gradual increase of p27Xic1 in the
cells, and bipolar cells. Finally, MuÈ ller cells are borndeveloping retina thus not only limits the number of
and differentiate (Cepko, 1999). Activation of the Notchretinal cells but also increasingly favors the fate of the
pathway prevents cellular differentiation in the retina,last cell type to be born in the retina, the MuÈ ller glia.
while release of inhibition by the expression of a domi-
nant-negative form of Delta, Delta-stu, causes an in-
Introduction crease of early born cell types at the expense of later
born cell types (Dorsky et al., 1997; Henrique et al.,
In the retina and the cortex, there is a well-defined histo- 1997). The effects of these genes have not been linked
genetic order of laminar fates, but investigations into to the cell cycle, although their expression patterns sug-
cell cycle aspects of fate decision in these tissues have gest coordination of some sort. In Xenopus, many acti-
led to a variety of conclusions about when in the cell vators of the cell cycle have been identified, and their
cycle fate is determined (Cepko, 1999; Edlund and Jes- functions on early embryonic cell division have been
sell, 1999). For example, the laminar fate of cortical pro- studied. A Cdk inhibitor of the Cip/Kip family, p27Xic1 (Su
genitor cells must be acquired by S phase of final cell et al., 1995), and its possible allele, p28Kix1 (Shou and
division (McConnell and Kaznowski, 1991; Bohner et Dunphy, 1996), have also been cloned. Here we report
al., 1997). Retinal progenitors lose their competence to that p27Xic1 overexpression can not only block prolifera-
respond to an amacrine inhibitory factor, and motor tion in the retina but can also initiate the early differentia-
neuron precursors lose their competence to respond to tion of the last cell type to be born, the MuÈ ller cells.
Sonic Hedgehog, once they enter M phase in their final
cell division (Ericson et al., 1996; Belliveau and Cepko, Results
1999). The mechanisms that relate the cell cycle to such
determination events are unknown. One possibility is Expression of p27Xic1 Gradually Increases
that certain phases of the cell cycle provide a passive during Retinal Development
environment in which determination factors work. Alter- p27Xic1 expression first becomes obvious during gastrula
natively, it may be that molecules involved in cell cycle stages as diffuse staining throughout the epidermis. Ex-
actively collaborate in cellular determination. pression becomes more intense as development pro-
The cyclin-dependent kinase (Cdk) inhibitors may gresses and is evident in the myotome at early tail bud
stages (stages 22±23, Figure 1A). In the eye, p27Xic1 is
first detected at stage 26, when retinal ganglion cells³ To whom correspondence should be addressed (e-mail: harris@
start to differentiate (Holt et al., 1988) (Figure 1B). Asmole.bio.cam.ac.uk).
p27Xic1 expression in the myotome decreases, the ex-§ Present address: University of California, San Francisco, School
of Medicine, San Francisco, California 94143. pression in the eye increases, and at late tail bud stage
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Figure 1. Temporal and Regional Expression Pattern of p27Xic1
(A±F) Whole-mount in situ hybridizations with p27Xic1 at stage 22/23 (A), stage 26 (B), stage 29/31 (C and D), and stage 33/34 (E and F). Lateral
views (A, B, C, E, and F). Anterior view (D). Enlarged view of (E) (F). my, myotome, hb, hindbrain, mb, midbrain, fb, forebrain.
(G) In a section of a stage 31 retina, ubiquitous expression of p27Xic1 was seen in columnar neuroepithelial cells at central retina.
(H) Later, at stage 33/34, the expressed region became gradually restricted in the middle layer of retina and the CMZ.
(I) Finally, at stage 41, the expression was mainly restricted in the CMZ with weak expression in the central retina.
(J) Measurement of p27Xic1 expression in CMZ. After the in situ hybridization with p27Xic1, the density of staining in CMZs of 38 retinas was
analyzed by NIH image software. The measured region is indicated in (I) as a white line. Averages and SEMs of 100 sampling points are
shown.
(K±M) Double in situ hybridizations were performed with DIG-labeled cyclin D1 (K) and fluorescein-labeled p27Xic1 (L). (M) Overlapped image
of (K) and (L).
(N±P) Double in situ hybridizations were performed on sections of Xenopus retina at stage 41 using DIG-labeled p27Xic1 (N) and fluorescein-
labeled Xath5 (O). (P) Overlapped image of (N) and (O).
(Q±S) Double staining for BrdU uptake and p27Xic1 expression. (Q) In situ hybridization with p27Xic1. (R) BrdU immunostaining. (S) Overlapped
image of (Q) and (R) (arrow points to p27Xic1-positive BrdU-negative central area).
(T) Schematic representation of cyclin A1, cyclin D1, X-Notch-1, p27Xic1, and Xath5 in the CMZ.
(stage 29/30), p27Xic1 is expressed throughout most of eyes shows a 3-fold increase in p27Xic1 RNA from stage
25 to stage 35/36, followed by a reduction to the originalthe retina (Figures 1C and 1D). p27Xic1 is also found in
all three brain vesicles. At stage 32 to 34, p27Xic1 is highly level by stage 41 (data not shown).
In the CMZ, the spatial gradient from peripheral toexpressed in the central retina (Figures 1E, 1F, and 1H).
By stage 41, levels drop in the central retina and strong central regions recapitulates the temporal progression
of retinal development. Molecules expressed more pe-p27Xic1 expression is largely restricted to the ciliary mar-
ginal zone (CMZ), where retinogenesis continues through- ripherally in the CMZ are also expressed earlier in retino-
genesis (Perron et al., 1998). Therefore, we measuredout life (Figure 1I). Quantitative RT±PCR from developing
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the amount of p27Xic1 RNA detected at different positions
in the CMZ (Figure 1J). In agreement with the develop-
mental analysis above, we find a gradual increase in
p27Xic1 mRNA level from the periphery to the center of
CMZ and then a sudden decrease near the end of CMZ
(Figure 1J). Double in situ hybridizations show that
X-Notch-1 is expressed at about the same peripheral
eccentricity as p27Xic1, indicating that it is expressed at
about the same time (data not shown). However, p27Xic1
is expressed more centrally (later) than cyclin D1 (Fig-
ures 1K±1M) and more peripherally (earlier) than the
proneural gene Xath5 (Figures 1N±1P). To look at the
relationship between cell division and p27Xic1 expression,
we injected stage 41 embryos with bromodeoxyuridine
(BrdU) before fixation and then double-labeled them for
BrdU and p27Xic1 expression. p27Xic1 is clearly present in
dividing cells in the CMZ, but high levels of expression
also extend centrally into the postmitotic retina (Figures
1Q±1S). These expression patterns are summarized in
Figure 1T.
p27Xic1 Overexpression Induces MuÈ ller Glia
and Decreases Bipolar Neurons
To test whether p27Xic1 is involved in determination, we
overexpressed p27Xic1 in developing retina by colipofec-
tion of a p27Xic1-expressing plasmid with a GFP-express-
ing plasmid. Misexpressing cells were identified by GFP
fluorescence at stage 41, and cell types were initially
classified on the basis of morphology and the position
of nucleus in the laminar structure (Figure 2M). Using a
plasmid driving a Myc-tagged p27Xic1 protein, we de-
tected Myc immunoreactivity in 91.2% 6 1.0% of GFP-
positive cells, indicating a high percentage of coex-
pression. Misexpression of p27Xic1 caused a dramatic
increase in cells with MuÈ ller glia morphology. These cells
of the inner nuclear layer have long bipolar processes
with highly branched endfeet at the vitreal and ventricu-
lar surface of the retina (Figures 2B±2D). Forty percent
of p27Xic1 transfected cells became MuÈ ller glia, a 6-fold
increase compared to retinas transfected with GFP
alone (Figure 3A). There was a clear dose dependency
of this effect, with over 60% of the cells expressing
the highest level of Myc staining becoming MuÈ ller glia
(Figure 3B). The MuÈ ller cell ratio was matched by a con-
comitant decrease in the ratio of bipolar cells (Figure
3A). This MuÈ ller inducing activity of p27Xic1 was totally
unexpected, since we had assumed that a molecule
Figure 2. p27Xic1-Overexpressing Cells Differentiate into MuÈ ller Glia causing early cell cycle arrest would bias retinoblasts
Embryos were lipofected at stage 15 in the eye primordia with an toward the cell types that normally differentiate first, not
expression construct of p27Xic1 plus pGFP or pGFP alone (control). those that differentiate last (i.e., ganglion cells not MuÈ llerAfter fixation at the indicated stage, the embryos were cryostat
cells).sectioned. L, lens.
To confirm the identity of these MuÈ ller cells, we(A) Stage 41 retina lipofected with pGFP.
(B) Stage 41 retina lipofected with p27Xic1. stained transfected retinas with the MuÈ ller-specific anti-
(C) GFP-positive MuÈ ller cell in a stage 41 control retina. body, R5 (Drager et al., 1984). p27Xic1-expressing cells
(D) GFP-positive MuÈ ller cell in a stage 41 retina lipofected with with morphology of MuÈ ller cells were always double-
p27Xic1. labeled with R5 antibody (Figures 2I±2K). We also
(E) Cells lipofected with p27Xic1 in a stage 29/30 retina.
stained lipofected retinas with antibodies to other retinal(F) Cells lipofected with p27Xic1 in a stage 32 retina.
(G) Enlarged view of (D).
(H) Cells lipofected with pGFP in a stage 32 retina.
(I±K) R5 staining of stage 41 retina lipofected with p27Xic1 plus pGFP.
(I) p27Xic1 lipofected cells. (J) R5 staining. (K) Overlapped view of (G) 1987). ONL, outer nuclear layer; OPL, outer plexiform layer; INL,
and (H). inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell
(L) Immunostaining of p27Xic1 lipofected retina with anti-calbindin layer; P, photoreceptor cells; H, horizontal cells, M, MuÈ ller cells; B,
antibody (red). bipolar cells; A, amacrine cells; I, interplexiform cells; G, ganglion
(M) Schematic drawing of Xenopus retina (modified from Dowling, cells.
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Figure 3. Overexpression of p27Xic1 Increases the Ratio of MuÈ ller Cells by Changing Cell Fate
(A) Percentage of retinal cell types labeled by misexpression of p27Xic1 plus pGFP or pGFP alone. The expression constructs were lipofected
at stage 15, and the cell type was analyzed using sections of the stage 41 embryos. Inner plexiform cells are included in the category of
amacrine cells. n 5 675 cells (p27Xic1 plus pGFP) and n 5 1764 (control). Error represents SEM; single asterisk, p , 0.05, double asterisks,
p , 0.01, triple asterisks, p , 0.001 by Student's t test in all figures.
(B) Relationship between the expressed amount of p27Xic1 (Xic1-N-Myc) and ratio of MuÈ ller cells. After Myc staining of retina lipofected with
Xic1-N-Myc and GFP, the relationship between an intensity of Myc staining and the ratio of MuÈ ller cells in GFP-positive cells was analyzed.
Intensity of Myc staining was classified into five categories: 0, no Myc staining; 1, very weak; 2, weak; 3, medium; 4, strong.
(C) Total number of lipofected cells in retina and total number of MuÈ ller cells among the lipofected cells per retina.
(D) MuÈ ller cell induction depends on the lipofected stages. p27Xic1 was lipofected at the indicated stages, and the final differentiated cell types
were analyzed at stage 41. A ratio in the retina lipofected with pGFP at stage 15 was used as the control because there is no stage dependency
in the pGFP control.
(E) p27Xic1 causes early cell cycle arrest in the retina. Embryos were lipofected with p27Xic1 at stage 15. From stage 32, BrdU was injected into
embryos, and at stage 41 the ratios of BrdU-positive cells in all lipofected cells were examined. INL, inner nuclear layer.
markers, including anti-calbindin (labeling cones, Figure we compared the total number of transfected MuÈ ller
cells after the colipofection with p27Xic1 and GFP with2L) (Chang and Harris, 1998), anti-rhodopsin (labeling
rods), anti-glycine (labeling a subtype of amacrine cells), the total number of transfected MuÈ ller cells in retinas
transfected with GFP alone (Figure 3C). The total numberand anti-serotonin (labeling another subtype of ama-
crine cells). Although some lipofected cells expressed of GFP-positive MuÈ ller cells in the retinas colipofected
with p27Xic1 and GFP (14.7 6 1.89 cells/retina, n 5 129these markers, none of these had MuÈ ller cell mor-
phology. retinas) was about three times greater than the number
of GFP-positive MuÈ ller cells lipofected with GFP alonep27Xic1 overexpression primarily affects bipolar and
MuÈ ller cells, two of the last cell types to differentiate in (4.7 6 0.51 cells/retina, n 5 79). This increase in absolute
number of MuÈ ller cells occurs, even though the totalthe retina, suggesting that the timing of p27Xic1 expres-
sion may have an effect on the resulting phenotype. To number of GFP-positive cells in the retina lipofected
with p27Xic1 was decreased to half the number of thetest this idea, we lipofected p27Xic1 at different stages
and analyzed the effect on retinal differentiation (Figure control. This indicates that p27Xic1 overexpression in-
creases the absolute number of MuÈ ller cells while at the3D). The ratio of transfected cells that were MuÈ ller cells
was decreased when the p27Xic1 was lipofected at a later same time limiting retinal cell proliferation.
p27Xic1 overexpression might allow MuÈ ller cell precur-stage (stage 21±24). The compensatory drop in bipolar
cell was also diminished. In contrast, when p27Xic1 was sors to divide but limit the proliferation of other cell
types. To test the effect of p27Xic1 on retinal cell prolifera-lipofected earlier (stage 15), the ratio of MuÈ ller cells was
increased, again mostly at the expense of bipolar cells. tion, embryos were colipofected with p27Xic1 and GFP
at stage 15 and then injected with BrdU every 6 hr from
stage 32 until stage 41. The ratio of BrdU incorpora-p27Xic1 Causes Early Cell Cycle Arrest
One possible explanation for the increase in MuÈ ller cells tion in p27Xic1-expressing cells was compared with BrdU
incorporation in cells lipofected with GFP alone (Fig-among transfected cells is that p27Xic1 blocks prolifera-
tion in neural but not glial cell progenitors. Therefore, ure 3E). p27Xic1-transfected cells showed dramatically
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decreased ratios of BrdU incorporation. This decrease phase boundary) is able to induce MuÈ ller glia. We there-
fore lipofected retinas with dominant-negative forms ofwas most dramatic in MuÈ ller cells, as might be expected
for the last born cell type (Figure 3E). These data indicate Cdk2 and cdc2, which also block the cyclin kinase activ-
ity (Nebreda et al., 1995). These constructs did not in-that p27Xic1 stops the cell cycle prematurely in all retinal
cells. duce MuÈ ller cells (data not shown).
The Cdk/Cyclin-Binding Region of p27Xic1 Is Involvedp27Xic1 Does Not Cause Differential Apoptosis
in MuÈ ller Cell Induction, but Kinase InhibitoryIt is known that Cdk inhibitors or dominant-negative
Activity Is NotCdks suppress apoptosis and promote cell survival
p27Xic1 has three characteristic domains (Figure 4A). The(Meikrantz and Schlegel, 1996; Park et al., 1997), raising
N-terminal half contains a Cdk/cyclin-binding region,the possibility that the effect of p27Xic1 on MuÈ ller cells is
which is highly conserved in the mammalian Cdk inhibi-related to differential death of neurons over glia. There-
tors p21Cip1, p27Kip1, and p57Kip2 and is required for thefore, we examined the effect of p27Xic1 on apoptosis
members of Cip/Kip family to inhibit cyclin-dependentusing a TUNEL assay (Gavrieli et al., 1992). Cell death
kinase activity. The C-terminal half of p27Xic1 contains awas examined at stages 29, 31, 33/34, and 35/36. There
PCNA-binding region that is also found in p21Cip1 (Wagawas no difference in apoptosis between p27Xic1-trans-
et al., 1994; Chen et al., 1995) and a potential cdc2fected cells and the cells transfected with GFP alone at
phosphorylation site, the QT domain that is also foundany stage examined, although the ratios slightly increase
in p27Kip1 (Polyak et al., 1994; Toyoshima and Hunter,as embryos develop in all cases. About 3% of both GFP
1994). In addition to its ability to block Cdk activity,and p27Xic1 transfected cells were TUNEL positive at
interaction of p27Xic1 with PCNA can also inhibit DNAstage 33/34.
replication (Su et al., 1995). To find which region of p27Xic1
is responsible for MuÈ ller cell determination, two expres-
p27Xic1 Converts Precursors from a Neural sion constructs were made: Xic1-N, which expresses
to a Glial Fate N-terminal residues (1±96); and Xic1-C, which expresses
Does p27Xic1 trigger MuÈ ller cell differentiation directly or the C-terminal residues (97±210) (Figure 4A). To confirm
indirectly through loss of competence to form neurons? the biochemical function of these constructs, we exam-
Perhaps retinoblasts overexpressing p27Xic1 are unable ined the effect of each on cyclin-dependent kinase activ-
to form neurons and forced to wait until glial determina- ity and on early embryonic cell division. As reported
tion begins before they differentiate. This possibility can previously (Su et al., 1995), Xic1-N as well as full-length
be tested by asking when the p27Xic1-induced MuÈ ller p27Xic1 inhibits Cdk kinase activity, as measured by the
cells differentiate. p27Xic1 lipofected cells were therefore ability of the immunoprecipitated protein to phosphory-
examined at stages 29 and 32 when most cells in the late histone H1, but Xic1-C does not (data not shown).
retina are still undifferentiated (Figure 2H) (Holt et al., When RNA was injected into a single blastomere of two-
1988; Dorsky et al., 1997; McFarlane et al., 1998). As cell stage embryos, Xic1-N inhibited cell division on the
early as stage 29, many cells lipofected with p27Xic1 al- injected side shortly after injection, whereas the blasto-
ready have a single long process, with branched endfeet meres of the uninjected side still divided normally (Figure
on the vitreal side and many branches on the pigmented 4D). In contrast, Xic1-C, which acts by inhibiting PCNA-
epithelial side of the retina, characteristic of mature dependent replication, did not stop cell division before
MuÈ ller cells and clearly different from simple tapered, stage 8.5, corresponding to the mid-blastula transition
neuroepithelial cells (Figure 2E). By stage 32, the branches (MBT). After the MBT, however, the cells on the Xic1-
become even more elaborate (Figures 2F and 2G). How- C-injected side were larger, indicating inhibition of cell
ever, despite the MuÈ ller-like morphology, these cells did cycle. By late stage 9, the cells on this side were about
not stain with R5 antibody until stage 37/38 (data not twice the size of those on the uninjected side (Figures
shown). 4F±4H). Thus, both Xic1-N and Xic1-C can stop the cell
cycle, but by different mechanisms, at different embry-
onic stages, and at different points in the cell cycle.Cycle Arrest Is Not Sufficient to Induce MuÈ ller Glia
Blocking the cell cycle by treatment of Xenopus embryos Retinal lipofection of Xic1-N resulted in almost the same
amount of MuÈ ller cell inducing activity as full-lengthwith hydroxyurea and aphidicolin (HUA) from stage 15
and 20 leads to the formation of eyes that have few but p27Xic1, whereas Xic1-C lipofection had no effect on the
MuÈ ller cell ratio (Figure 4I), even though all p27Xic1 con-abnormally large cells. Interestingly, antibodies specific
for retinal cell types indicate that most cell types are structs arrested the cell cycle in the retina with equal
potency (Figure 4J).present in these cellularly depleted retinas (Harris and
Hartenstein, 1991). To test whether these S phase inhibi- In an attempt to rescue MuÈ ller cell induction by p27Xic1,
we lipofected different types of Cdks (Cdk2, Cdk4, andtors increased MuÈ ller glia, GFP was lipofected into the
eye primordia at stage 15; HUA treatment was begun Cdk5) with p27Xic1 into the retina and analyzed induced
MuÈ ller cell number. All Cdks decreased the ratio ofat stage 22; and the retinas were examined at stage
41. The ratio of R5-positive MuÈ ller cells that were GFP MuÈ ller cells induced by p27Xic1 (data not shown), but the
effect of Cdk2 was the strongest (Figure 4K). Cdk2 andpositive after HUA (8.84%, n 5 181) is similar to that of
nontreated control (7.37%, n 5 244). Thus, cell cycle cyclin A2 form a complex and bind to different parts
of p27Kip1 (Russo et al., 1996). The inhibitory effect ofarrest at S phase with HUA is not sufficient for MuÈ ller
cell induction. colipofecting the combination of Cdk2 and cyclin A2 on
the p27Xic1-induced phenotype was stronger than thatThe question then arises as to whether blocking cell
division at a different point (e.g., the G1/S phase or M of either Cdk2 or cyclin A2 alone (Figure 4K). How these
Cell
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Figure 4. p27Xic1 Induces MuÈ ller Cells through the N-Terminal Domain
(A) Schematic structures of p27Xic1, p21Cip1, p27Kip1, p57Kip2, Xic1-N, and Xic1-C. Homology of cyclin/Cdk-binding domain of p27Xic1 with those
of mammalian homologs is indicated in the box.
(B±H) mRNA-injected early embryos. mRNA (2 ng) of p27Xic1 (C), Xic1-N (D), Xic1-C (F, G, and H), or mock (B and E) was injected in a blastomere
of two-cell stage embryos. The effect was observed at 64-cell stage (B±D) or at stage 9 (E±H). (G and H) Enlarged views of the indicated
region in (F). Outlines of cells were marked. inj., injected side.
(I) Percentage of retinal cell types labeled by misexpression of p27Xic1, Xic1-N, or Xic1-C. The expression construct of p27Xic1, Xic1-N, Xic1-C,
or GFP was lipofected at stage 15, and then the ratios of retinal cell types were determined at stage 41.
(J) Xic1-N and Xic1-C cause early cell cycle arrest in the retina. Embryos were lipofected with p27Xic1, Xic1-N, Xic1-C, or pGFP at stage 15.
From stage 32, BrdU was injected into embryos, and at stage 41 the ratios of BrdU-positive cells in retina were examined.
(K) Cdk2 and cyclin A2 partially inhibit the inductive effect of p27Xic1. Expression construct of Cdk2 or cyclin A2 was colipofected with p27Xic1
at stage 15, and the cell types were analyzed at stage 41.
(L) p27Kip1, p21Cip1, and p21Cip1 N50S also induce MuÈ ller cells. Expression construct of p27Kip1, p21Cip1, or p21Cip1 N50S was lipofected at stage
15 and then the cell types were analyzed at stage 41.
(M) MuÈ ller cell inductive activities and Cdk2 inhibitory activities of p27Xic1 deletion constructs. The structures of the constructs are indicated
at the left side. The constructs were lipofected at stage 15. The ratio of MuÈ ller cells was analyzed at stage 41. Cdk2 kinase inhibitory activity
was measured as described in Experimental Procedures. Relative MuÈ ller cell inductive activity and Cdk inhibitory activity were classified into
three categories: 2, no activity; 1, weak; 11, strong.
cyclins abrogate p27Xic1 activity is not clear. They may of cyclin D and Cdk4 (Welcker et al., 1998). Surprisingly,
N50S induced MuÈ ller cells (Figure 4L), although it couldbind and deplete active p27Xic1 or block the MuÈ ller-induc-
ing site of the N-terminal domain. not stop cell division before MBT when the mRNA was
injected in one blastomere of two-cell stage embryosThe mammalian homologs p21Cip1 and p27Kip1 share
the Cdk/cyclin-binding domain with p27Xic1, and both (data not shown) and could not inhibit Cdk2 kinase activ-
ity as assayed by H1 kinase assay. Wild-type p21Cip1constructs increased the ratio of MuÈ ller cells (Figure
4L). A point mutant, N50S, of p21Cip1 has minimal kinase inhibits 96.1% of Cdk2 kinase activity, while N50S inhib-
its only 15.6% of this activity. These results suggestinhibitory activity, although it still promotes assembly
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Figure 5. Expression of p27Xic1 Antisense DNA Results in a Decrease of MuÈ ller Cells
(A) Antisense construct lipofection decreases an expression of p27Xic1 protein from the lipofected p27Xic1-Myc plasmid. Retinas were lipofected
with Xic-N-Myc (sense) plus anti-N (antisense) and pGFP or with Xic-N-Myc plus pGFP at stage 15. After the Myc staining of sections from
stage 41 embryos, intensities of Myc staining in GFP-positive cells were compared. Intensity of Myc staining was classified into five categories:
0, no Myc staining; 1, very weak; 2, weak; 3, medium; 4, strong.
(B) Antisense p27Xic1 DNA can inhibit the inductive effect of the sense construct. An antisense p27Xic1 construct of anti-full or anti-N was
colipofected with p27Xic1 in a 3:1 ratio, and then the cell types were analyzed at stage 41.
(C) Function of antisense constructs on cell cycle arrest in the retina. The indicated constructs were lipofected with pGFP at stage 15. From
stage 32, BrdU was injected into embryos, and at stage 41 the ratios of BrdU-positive cells that were also GFP positive were examined.
(D and E) Immunostaining with p27Xic1 antibody. (D) CMZ of stage 41 retina. (E) A central region of a stage 41 retina. PRL, photoreceptor layer;
INL, inner nuclear layer; GCL, ganglion cell layer.
(F±I) The antisense construct decreases endogenous p27Xic1 expression. The antisense construct with pGFP-Myc was lipofected at stage 15.
Sections of stage 32 retina were immunostained with p27Xic1 antibody and Myc antibody (9E10). (F±H) Retina colipofected with anti-N and
pGFP. (F) GFP (Myc staining). (G) Overlapped views. (H) p27Xic1 antibody staining. (I) The intensities of p27Xic1 antibody staining were measured
using Openlab 2.0.8 (Improvision) by comparing the relative values of p27Xic1 intensity in GFP-positive cells to surrounding untransfected cells
(control, lipofected cells, n 5 19, neighbors, n 5 59; anti-N, lipofected cells, n 5 16, neighbors, n 5 50; anti-full, lipofected cells, n 5 10,
neighbors, n 5 32).
(J) Antisense constructs of p27Xic1 inhibit natural MuÈ ller cell differentiation. An antisense p27Xic1 construct of anti-full or anti-N was lipofected
at stage 15, and then the cell types were analyzed at stage 41.
that p27Xic1 determines the MuÈ ller cell fate in a manner Endogenous p27Xic1 Works as a MuÈ ller Cell
Determinant in Normal Developmentindependent of the kinase inhibitory activity and cell
cycle activity of the N-terminal domain. An important question is whether the endogenous p27Xic1
in the retina also works as a MuÈ ller determinant. Full-lengthTo map the MuÈ ller-inducing portion of Xic1-N, several
deletion constructs were assayed for Cdk2 inhibitory p27Kip1 antisense cDNA can reduce the amount of the
p27Kip1 protein by up to 90% in cell culture (Rivard et al.,activity and MuÈ ller cell inducing activity (Figure 4M).
Animo acids 31±35 were found to be essential for MuÈ ller 1996). Consequently, retinal cells were cotransfected with
Myc-tagged p27Xic1 and an antisense construct at a ratiocell inducing activity, while amino acids 35±91 were criti-
cal for both kinase inhibitory activity and MuÈ ller cell of 1:3. These cells showed a dramatic decrease in Myc
expression (Figure 5A). When either full-length or N-ter-inducing activity. Thus, constructs Xic1(35±96) and
Xic1(35±91) had kinase inhibitory activity but no MuÈ ller minal antisense was lipofected with the p27Xic1 sense
DNA, the induction of MuÈ ller cells was inhibited by aboutcell inducing activity, opposite to N50S, which had
MuÈ ller cell inducing activity but no kinase inhibitory ac- 85% (Figure 5B). Both antisense constructs also inhib-
ited cell cycle arrest, as evidenced by increased BrdUtivity. This analysis functionally separates these activi-
ties to different regions of the N-terminal domain. incorporation in p27Xic1 cotransfected cells (Figure 5C).
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stage 15 completely inhibited the MuÈ ller inducing activ-
ity of p27Xic1 (Figure 6A). To activate the Notch/Delta
pathway, we used the constitutively active intracellular
domain of X-Notch-1 (Notch-ICD) (Dorsky et al., 1995).
When it is colipofected with p27Xic1, MuÈ ller glia are in-
duced at even higher levels than by p27Xic1 alone (Figure
6B). These results suggest that p27Xic1 works as a MuÈ ller
cell determinant in the context of an active Notch/Delta
pathway. This idea fits well with the fact that MuÈ ller glia
are the last cells in the Xenopus retina to express Notch-1
during embryonic development.
Discussion
p27Xic1 as an Intrinsic Determinant of Retinal Cell Fate
All retinal neurons and MuÈ ller glial cells are formed from
the multipotential precursor cells in a conserved order.
This sequential appearance is regulated by the interplay
of extrinsic and intrinsic factors, many of which have
been identified (reviewed in Harris, 1997). During devel-
opment in Xenopus, retinal precursors lose their multi-
potency (Harris, 1997). Belliveau and Cepko (1999)
showed that late rat retinal progenitors are restricted to
producing late cell types even when transplanted into
early retinas. Similarly, early precursors do not normally
produce late cell types until they are scheduled to doFigure 6. p27Xic1 Works within the Context of an Active Neurogenic
so, even when they are mixed with late cells (WatanabePathway
and Raff, 1990; Belliveau and Cepko, 1999). This indi-(A) Dominant-negative Delta can overcome the effect of p27Xic1 on
MuÈ ller cell determination. The expression constructs p27Xic1, Delta- cates that a temporal maturation of retinal precursor
stu, or both were lipofected at stage 15. The cell type was analyzed cells, possibly involving the build up of intrinsic factors,
using sections of stage 41 embryos. is necessary to confer specific fates. In this paper, we
(B) Constitutive active X-Notch-1, Xotch-ICD enhances the inductive
demonstrate that expression of p27Xic1 increases duringactivity of p27Xic1. The expression constructs p27Xic1, Xotch-ICD, or
retinal cell development, that overexpression of p27Xic1both were lipofected at stage 15. Cell type was analyzed using
in the precursor cells can induce MuÈ ller cells, and thatsections of stage 41 embryos.
reducing p27Xic1 function causes a decrease of MuÈ ller
cells. These results clearly support the role of p27Xic1 asWe then examined the effect of the antisense con-
a positively acting intrinsic factor of the type predicted.structs on endogenous MuÈ ller cell differentiation. To
demonstrate that the antisense lowered native protein
Direct and Indirect Pathways of Cellular Inductionlevel, we used an affinity-purified anti-Xic1 antibody,
in the Retinawhich labels the nuclei of p27Xic1-expressing cells. In the
An increased population of MuÈ ller glia cells can occurstage 41 retina, as expected, the CMZ is more heavily
as a consequence of inhibition of pathways affectinglabeled than the central retina (Figures 5D and 5E). Cells
neural determination. For example, FGF2 expressed intransfected with antisense and GFP constructs showed
the retina induces differentiation into retinal gangliona marked reduction in p27Xic1 protein expression com-
cells (Zhao and Barnstable, 1996), while inhibition of thepared to cells transfected with GFP alone (Figures 5F±
FGF signal by overexpression of a dominant-negative5I). After lipofection with the antisense constructs at
FGF receptor increases the number of MuÈ ller cellsstage 15, embryos were allowed to develop until stage
(McFarlane et al., 1998). Likewise, a loss of NeuroD func-41, and the fraction of MuÈ ller glia cells compared to
tion, which is involved in the differentiation and survivalGFP controls was determined. Only 4% of antisense
of retinal neurons, also causes an increase in MuÈ llerlipofected cells became MuÈ ller cells, about half the con-
cells (Morrow et al., 1999). TGFa is thought to increasetrol fraction (Figure 5J). BrdU analysis showed that anti-
the number of MuÈ ller cells because it promotes mitoticsense transfected cells also tended to stay in the cell
activity, which, in turn, delays entry into a competentcycle longer than controls (Figure 5C). Antisense trans-
postmitotic state until rod inducing activity has becomefection had no affect on cell death at any stage examined
weak (Lillien and Wancio, 1998). In all of these cases, it(data not shown).
seems likely that the increase in MuÈ ller glia is secondary
to the action of these factors on other cells types. How-p27Xic1-Induced MuÈ ller Cell Differentiation Operates
ever, the fact that overexpression of p27Xic1 can inducewithin the Context of the Notch Pathway
the precocious development of MuÈ ller cells suggests aIt is clearly interesting to investigate whether p27Xic1 can
more direct action on glial cell determination. If p27Xic1interact with other proteins primarily involved in determi-
directly induces glial cells, the decrease in bipolar cellsnation events, such as Notch and Delta (Dorsky et al.,
may be a secondary consequence, although a direct1995, 1997; Henrique et al., 1997). Delta-stu, a dominant-
effect of p27Xic1 on bipolar neuron differentiation cannotnegative form of X-Delta-1, blocks the Notch/Delta path-
way. Strikingly, Delta-stu colipofected with p27Xic1 at be ruled out by the experiments presented here. The
p27Xic1 Induces MuÈ ller Cells
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Figure 7. Intrinsic Timer Model
A gradual increase of p27Xic1 can define the
timing of the MuÈ ller cell fate decision in the
sequence of retinal cell differentiation. The
accumulation of p27Xic1 in the normal retina
is indicated in the central graph and by the
increasing level of shading in the line of pre-
cursors in (A). If cells remain in the cell cycle
until p27Xic1 expression reaches a threshold
level, this increases the probability both of
exiting the cell cycle and adopting a MuÈ ller
cell fate (dashed line up). (B) Overexpression
of p27Xic1 by lipofection causes early accumu-
lation of the protein in precursors, resulting
in early cell cycle arrest and differentiation of
MuÈ ller cells at the expense of bipolar cells
(dashed line down).
bipolar fate seems particularly labile in a number of retinal cell development, competing with other differen-
tiation factors, so that the last cells to be born generallyexperimental systems and is often found compensating
for gains and losses in photoreceptor number (Dorsky have the most p27Xic1. If the MuÈ ller cell determining activ-
ity of p27Xic1, expressed at high levels, overcomes theet al., 1997; Ezzeddine et al., 1997; Kanekar et al., 1997).
Competence to respond to extrinsic determination activity of other determinants, these cells will become
committed to a MuÈ ller fate. Such a situation is reachedfactors changes during the cell cycle (McConnell and
Kaznowski, 1991; Ericson et al., 1996; Bohner et al., early in p27Xic1 lipofected retinas, resulting in an increase
in the ratio of MuÈ ller glia (Figure 7B). A similar model1997; Belliveau and Cepko, 1999). The phase of the
cell cycle may be an important factor in regulating the has been proposed to explain the function of p27Kip1 on
oligodendrocyte differentiation (Durand et al., 1998). Itcompetence of precursors to respond to extrinsic deter-
minants. Although it is not clear when p27Xic1 determines is particularly revealing that the influence of p27Xic1 on
MuÈ ller cells, the last cell type in the retina, is gated bycell fate during the cell cycle, our results suggest some
interesting possibilities. Since the inductive activity of the activity of the Delta/Notch pathway, which inhibits
the determination of early cells types. The Notch path-p27Xic1 on MuÈ ller cell differentiation is modulated by
cyclins and Cdks, these components might also regulate way, the cell cycle, and cell determination are thus inter-
connected by the functions of p27Xic1.the competence to respond to other differentiation fac-
tors via the function of p27Xic1. It will be interesting in
this regard to learn more about the possible function of Experimental Procedures
amino acids 31±35 of p27Xic1 with respect to cyclin and
Xenopus EmbryosCdk binding.
Embryos obtained by in vitro fertilization were dejellied in 2% cyste-
ine (pH 8.0) and allowed to develop in 0.13 MBS using standardMechanism of Determination of MuÈ ller Cell Fate
methods. Embryos were staged according to Nieuwkoop and Faber
by p27Xic1 (1994).
How does p27Xic1 induce the MuÈ ller cells, the last cell
type in a normal differentiation scheme? We propose
Constructs
an intrinsic timer model (Figure 7A). The cell fate decision Xenopus Cdk4 and cyclin D1 were kindly provided by Dr. Tim Hunt
to become MuÈ ller cells is influenced by endogenous (ICRF, UK). Xenopus p27Xic1 (Su et al., 1995), Cdk2 (Paris et al., 1991),
Cdk4, Cdk5 (Philpott et al., 1997), cdc2 (Pickham et al., 1992), cyclinexpression of p27Xic1, which gradually increases during
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A2 (Howe et al., 1995), cyclin D1, human p21CIP1 (Harper et al., 1993), TUNEL Assay
p27Xic1 along with pGFP, anti-N with pGFP, or pGFP only was lipo-human p21CIP1 N50S (Welcker et al., 1998), and mouse p27Kip1 (Toyo-
shima and Hunter, 1994) were cloned into pCS21 (Turner and Wein- fected into eye primordia of embryos at stage 15. After aging until
stage 29, 31, 33/34, or 37/38, embryos were fixed with 4% parafor-traub, 1994) for expression in Xenopus. All deletion constructs, in-
cluding p27Xic1 N-terminal half (Xic1-N; residues 1±96) and C-terminal maldehyde and cryostat sectioned. Apoptotic cells were detected
using the Apoptosis Assay System (Promega) with the followinghalf (Xic1-C; residues 97±210), and antisense constructs for full-
length p27Xic1, anti-full (full coding sequence), and 59 region of coding modification: Red Nucleotide mix (50 mM FluoroRed [Amersham],
100 mM dATP, 10 mM Tris-HCl [pH 7.6], 1 mM EDTA) was substitutedsequence of p27Xic1, anti-N (nucleotides 0±393) were also made using
pCS21. for the Nucleotide Mix in the kit.
Hydroxyurea and Aphidicolin TreatmentIn Situ Hybridization of Whole Embryos and Retinal Sections
pGFP was lipofected into the eye primordia of embryos at stageDigoxigenin (DIG)-labeled antisense RNA probes of p27Xic1, cyclin
15. The lipofected embryos were treated with a mixture of 20 mMD1, cyclin A2, Cdk4, Cdk2, and cdc2 and the fluorescein-labeled
hydroxyurea and 150 mM aphidicolin in 0.13 MBS solution adjustedantisense RNA probes of p27Xic1, X-Notch-1, and Xath5 were pro-
to pH 7.4 from stage 22 to stage 41, as estimated from the controlduced from the T7 or T3 promoter of pCS21. Whole-mount in situ
embryos as described (Harris and Hartenstein, 1991). After fixinghybridizations on albino Xenopus embryos were performed as de-
with 4% paraformaldehyde and cryostat sectioning, sections werescribed (Harland, 1991). Where appropriate, in situ hybridizations
stained with R5 antibody. The ratio of R5-positive cells in GFP-were performed on 10 mm paraffin section of Xenopus embryonic
positive cells was compared with that of the untreated embryos.eyes at stage 42 as described (Perron et al., 1998).
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